1. Introduction {#s0005}
===============

Malaria is one of the most important tropical infectious diseases. About 350--500 million clinical episodes of malaria occur each year, and the disease is responsible for more than 1 million deaths annually ([@b0125]). The range of areas inhabited by malaria-carrying mosquitoes is expanding due to global climate change ([@b0090]). Thus, there is a chance of recovery of malaria, not only as an outcome of the increasing number of imported cases, but also as an effect of the rise of habitats apt for malaria-carrying mosquitoes. Therefore, the hasty diagnosis of this disease is extremely important.

For the past 100 years, malaria has been diagnosed by microscopic examination of Giemsa, Wright, or Field stained blood films ([@b0015], [@b0115], [@b0120]). However, it is well documented that microscopy has limitations: it is time-consuming, and misdiagnosis of the infecting species is common if the microscopist lacks experience and/or when the parasitemia is low ([@b0040], [@b0065], [@b0100], [@b0105]). More recently, serological diagnostic methods and new rapid diagnostic tests have become available, which are most commonly based on the detection of parasite antigens such as histidine-rich protein (HRP)-2 and lactate dehydrogenase (LDH) in an easy-to-use dipstick or a lateral flow format ([@b0010], [@b0055]). The advantages offered by these methods, such as a result can obtain within half an hour by unskilled technicians, are tempered by a few limitations ([@b0070]). RDT methods do not offer improved sensitivity over microscopy, the sensitivity decreases as parasitemias fall below 100 parasites/μL ([@b0060]). False positive results are observed, particularly after treatment, as the parasite antigens detected can remain in the circulation following parasite clearance. Moreover, the majority of the commercial RDTs detect HRP-2, which is only expressed by *P. falciparum*; however, not by other species and therefore this test offers specific diagnosis of falciparum malaria. Most of the non-HRP-2 based tests (LDH and aldolase) are usually pan-species test that allows for the speciation of *P. falciparum* and/or non-falciparum species when used in combination with HRP-2 based tests.

Several PCR based assays have also been developed for the detection and identification of malaria parasites. Most often based on genus- or species-specific sequences of the parasites rRNA gene ([@b0100], [@b0045], [@b0110]). PCR-based assays have various advantages over microscopy and RDTs: they are highly specific and sensitive ([@b0040], [@b0110], [@b0140]), and as few as five parasites per microliter of blood can be detected ([@b0055]). Regrettably, the current PCR-based methods are beyond the capacity of most malaria-endemic countries as they need expensive inspections, sophisticated laboratory and training that make these techniques expensive and practically challenging to implement in the field or resource limited settings. The recently developed loop-mediated isothermal amplification method is a relatively simple and field-adaptable technique ([@b0075]). This method does not require a thermocycler or sophisticated training. It has the potential to be used as a molecular diagnostic tool for point-of-care (POC) testing in both developing and developed countries. LAMP has been used for the detection of several infectious diseases such as severe acute respiratory syndrome ([@b0030]), West Nile virus ([@b0080]), avian influenza virus ([@b0035]), norovirus ([@b0020]) and *Legionella* bacteria ([@b0005]).

Lately, the LAMP assay for malaria parasites has already been reported by [@b0095], [@b0025], [@b0085], [@b0130]. However, LAMP assays can be used in the resource limited areas, but there is a need for electricity to power equipment such as thermocycler, water bath, centrifuge etc., second, they require a complex procedure for the sample preparation. Although highly specific and sensitive, the time and resources needed are restricting it from being used in tribal areas. Therefore, there is a requirement for a minimal DNA preparation and field-usable instrument that can allow a faster and objective readout for the diagnosis of malaria in resource-limited settings. Here, we report a simple DNA extraction procedure and the use of a mini portable device in which both amplification and real-time detection units are combined into a single unit for LAMP assay. We regard this method as LAMP-Tube scanner.

2. Materials and methods {#s0010}
========================

2.1. Study site and sample collection {#s0015}
-------------------------------------

Clinically related work in this study was performed at Genomix Molecular Diagnostics Pvt. Ltd., (Hyderabad, India) and the portable device connected work carried out at QIAGEN Lake Constance GmbH (formerly ESE-GmbH, Stockach, Germany). For field diagnosis of malaria, 52 febrile patients were analyzed on-site by LAMP-Tube scanner method. Microscopy, LAMP-Thermocycler and RDTs were performed off-site for the same samples. For the laboratory detection of malaria, a total of 128 blood samples that were positive for *P. falciparum* and 40 samples that were positive for *P. vivax* and 15 samples that were negative for malaria parasites by microscopy and RDTs collected from the clinical diagnostic centers and medical institutes throughout the Andhra Pradesh, southern province of India, where *P. falciparum* and *P. vivax* are the common most parasites transmitted. Patients samples previously diagnosed with malaria and treated with antimalarials were excluded. All blood samples and samples saved as blood spots on filter paper were stored at −20 °C. Purified *P. falciparum* DNA (3D7) was provided by Dr. Udhayakumar Venkatachalam (CDC, Atlanta, USA).

2.2. Microscopy {#s0020}
---------------

Thick and thin blood films were stained according to the method described by Field ([@b0120]) and examined by an experienced microscopist. Parasitemia was assessed either per 1000 erythrocytes in the thin film or at low parasitemias per 200 white blood cells in the thick film. In case of a putative negative film, 500 WBC were assessed to confirm the absence of parasites. The number of parasites/μL was determined by counting the total number of RBCs/μL.

2.3. Rapid diagnostic test {#s0025}
--------------------------

The blood samples were also analyzed with the Malaria test kits (Genomix Molecular Diagnostics Pvt. Ltd., Hyderabad, India), based on immunological detection of the *P. falciparum* specific histidine-rich protein 2 (PfHRP2) and *P. vivax* specific lactate dehydrogenase (pLDH). The assays were performed in parallel according to the manufacturer's instructions using a drop of EDTA anticoagulated whole blood and the results were observed after 15 min by the naked eye.

2.4. Processing of samples and DNA extraction for LAMP {#s0030}
------------------------------------------------------

The DNA template used for LAMP-Thermocycler (LAMP performed using a thermocycler, Bio-Rad, USA) was prepared from 200 μL of whole blood using the QIAamp DNA Blood Mini kit (QIAGEN, Hilden). For the LAMP-Tube scanner (LAMP performed using a tube scanner, QIAGEN Lake Constance GmbH, Germany), a second simple and cheap method of DNA extraction was used and described in this work ([Fig. 5](#f0025){ref-type="fig"} ). Briefly, 50 μL of human blood was directly blotted onto Whatman filter paper disks and air-dried at room temperature for 5 min. Blotted disks were heated in 200 μL of TE buffer (pH 8.0) at 65 °C for 15 min followed by crushing the disks and filtered through 5 μm syringe filter. The filtrate was heated at 60 °C for 2 min before proceeding to LAMP. Two microliters of the resulting filtrate was used as a template for the LAMP assay and the remaining sample was stored at −20 °C until further analysis. To test the limits of detection of the LAMP-Tube scanner, DNA from the samples was diluted from 1000 p/μL to 1 p/μL. Sixty samples confirmed to be *P. falciparum* positive by microscopy and 30 samples known to be negative for *P. falciparum* were used to assess the sensitivity and specificity of the LAMP-Tube scanner. Non-malaria infected human DNA was used as a control.Fig. 5Schematic representation of the DNA extraction method described and used in this study for the Malaria LAMP-Tube scanner. Detailed process explanation is given in Section [2.4](#s0030){ref-type="sec"}.

2.5. LAMP assay {#s0035}
---------------

The LAMP reaction was performed with the Loopamp DNA Amplification Kit (Eiken Chemicals Co., Tokyo, Japan) following the manufacturer's instructions. Genus- and species-specific primers, as described by [@b0025]; were used to amplify the gene coding for the 18s ribosomal RNA. The reaction consisted of 6 μL of primers (FIP and BIP 1.6 μM, Loop-F and Loop-B 0.8 μM, F3 and B3 0.2 μM), 12.5 μL of reaction buffer, 1 μL Bst DNA polymerase, 1 μL of fluorescent detection reagent (Eiken Chemicals Co., Tokyo, Japan), 2 μL template DNA, and distilled water to a total volume of 25 μL. To test the avail of an in-house reaction buffer, pilot experiments were performed in a 12.5 μL total volume containing a 2× in-house reaction buffer (40 mM Tris--HCl, 20 mM NH~4~SO~4~, 20 mM KCL, 16 mM MgSO~4~, 0.2% Triton X-100, 1.6 M glycine betaine, 2.8 mM dNTP's each), 1 μL of 0.5 mM calcein and 8 units of Bst polymerase (New England Biolabs, MA, USA). DNA amplification was carried out at 63 °C for 90 min using both the thermocycler and tube scanner. A unique real-time amplification plot obtained using the LAMP-Tube scanner is shown in [Fig. 1](#f0005){ref-type="fig"} B, which was set to collect fluorescence signals at 20-s intervals. In the plot, the *Y*-axis indicates the fluorescence units in milli-volts (mV) and *X*-axis demonstrates the time in minutes. Amplification of *P. falciparum* DNA produced a sigmoid shaped amplification curve while the control tube (no DNA) had no measurable change in fluorescence intensity denoted by a flat line in the plot.Fig. 1Description of the LAMP-Tube scanner. The tube scanner assembled with temperature settings to amplify DNA isothermally and spectral tools to distinguish amplified product using fluorescence is shown (A). The tube scanner can hold 8, 200 μL PCR tubes and is assembled with an LCD screen through which positive or negative results can be seen. If the tube scanner is connected to a computer with the suitable software, the results are obtained in real-time as shown in (B). The fluorescence units are shown on the *Y*-axis and time to amplification on the *X*-axis. Amplification curves are observed (curved lines, *Plasmodium* genus specific primers -- blue lane, *Plasmodium falciparum* species specific primers -- magenta color) in case of positive samples. No amplification curves (flat line, orange color) indicated a negative sample. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.6. Analysis of the LAMP products {#s0040}
----------------------------------

The LAMP reaction causes turbidity in the reaction tube corresponding to the amount of amplified DNA. Hence, the turbidity was observed with the naked eye. To confirm the sensitivity and the possibility of real-time LAMP quantification of *Plasmodium* parasites, fluorescence was monitored by the tube scanner. For further validation, all reactions were analyzed by 1.5% agarose gel electrophoresis and positive results were defined by the appearance of typical ladder bands of various sizes ([@b0025]).

2.7. About the portable device {#s0045}
------------------------------

The portable equipment (ESE Quant tube scanner) used for this work was developed by the QIAGEN Lake Constance GmbH, formerly ESE-GmbH, Stockach, Germany ([Fig. 1](#f0005){ref-type="fig"}A). This device weighs about 2.2lbs having the dimensions 74 mm × 178 mm × 188 mm (H × W × D). It has an eight tube holder heating block with adaptable temperature settings and spectral tools to distinguish amplified products using fluorescence array. The device is totally carriable and can be operated outdoors with a Li-Ion rechargeable power pack. A small LCD monitor is built-into display the results as positive or negative (+/−) without the need of a computer. Nevertheless, the device can also be used together with a computer to create real-time amplification plots as the reaction progresses.

2.8. Statistics {#s0050}
---------------

The sensitivity and specificity of the LAMP-Tube scanner were determined using microscopy, RDTs and LAMP-Thermocycler as reference methods. Sensitivity was calculated as the (number of true positives)/(number of true positives + number of false negatives) × 100, and specificity was calculated as the (number of true negatives)/(number of true negatives + number of false positives) × 100.

3. Results {#s0055}
==========

3.1. Malaria-LAMP-Tube scanner {#s0060}
------------------------------

We could detect the two most common species of human malaria parasites (*P. falciparum* and *P. vivax*) within 30 min using the LAMP-Tube scanner ([Fig. 2](#f0010){ref-type="fig"} ). No amplification was observed with the non-malaria infected human DNA control ([Fig. 2](#f0010){ref-type="fig"}). Results were also interpreted by the visual observation ([Fig. 3](#f0015){ref-type="fig"} ) and agarose gel electrophoresis ([Fig. 4](#f0020){ref-type="fig"} ). A total of 168 \[*P. falciparum* (128) and *P. vivax* (40)\] microscopically positive samples were tested in the laboratory. LAMP-Thermocycler, which was used as a reference method, was positive for *P. falciparum* in 124 samples and for *P. vivax* in 38 samples ([Table 1](#t0005){ref-type="table"} ), whereas the LAMP-Tube scanner was positive for 123 and 38 samples, respectively. RDTs, which were used as a second reference method, were positive for 116 and 34 samples. Out of 52 suspicious malaria samples tested in the field, 38 samples were positive by LAMP-Tube scanner ([Table 1](#t0005){ref-type="table"}), for LAMP-Thermocycler, 37 were positive, for RTDs, 31 were positive and 41 were positive by microscopy. In comparison to referential methods, there were no significant differences observed by LAMP-Tube scanner, despite more false- negative results were obtained by RTDs.Fig. 2Amplification of the two most human-infecting *Plasmodium* species using the LAMP-Tube scanner method. *Plasmodium* species-specific primers were used to amplify the 18s ribosomal RNA gene in *P. falciparum* and *P. vivax* parasites. Amplification curves (positive) were observed for the two species (100 parasitemia/μL) within 30 min (vertical dotted line), and with the low parasitemia (40 & 10 p/μl), amplification curves were seen in 40 min (vertical dotted line). No amplification was seen having the negative control or in the no template control (NTC). As a positive control (PC), purified *Plasmodium falciparum* DNA (3D7) was amplified in 18 min.Fig. 3Visual appearance of LAMP-Tube scanner reactions using calcein (fluorescent dye). The color changes from orange (negative reaction) to yellowish green (positive reaction).Fig. 4Agarose gel electrophoresis of the malaria LAMP-Tube scanner products. One microliter aliquots of the LAMP products were run on a 1.5% agarose gel. A clear ladder-like pattern was observed in the positive reactions \[lanes 2,3,4 (*pv*) & 6,7,8,9 (*pf*)\], whereas no ladder pattern was seen in the negative control (lane 5). Lane M, represents the DNA ladder marker.Table 1Comparison of microscopy, RTDs, LAMP-Thermocycler, and LAMP-Tube scanner for malaria parasite detection and species identification.Laboratory detectionTotal no of samplesRDTsLAMP-Thermocycler[a](#tblfn1){ref-type="table-fn"}LAMP-Tube scanner[b](#tblfn2){ref-type="table-fn"}(*n* = 168)/microscopyPositiveNegativePositiveNegativePositiveNegative*P. falciparum* (128)1161212441235*P. vivax* (40)346382382Control (15)114014014  Field detectionTotal No of samples (*n* = 52)/Lamp-Tube scanner[b](#tblfn2){ref-type="table-fn"}MicroscopyPositiveNegative*P. falciparum* (25)214250250*P. vivax* (13)103121130Negative (14)0140143[⁎](#tblfn3){ref-type="table-fn"}11[^1][^2][^3]

3.2. Detection limits of *Plasmodium* species-specific LAMP-Tube scanner {#s0065}
------------------------------------------------------------------------

The detection limits of the LAMP-Tube scanner were assessed using DNA obtained from *P. falciparum* and *P. vivax*. DNA was diluted from 1000 p/μL to 1 p/μL. The limits of detection of the LAMP-Tube scanner varied between 10--100 p/μL for both species ([Table 2](#t0010){ref-type="table"} ). This method needed at least 10--100 p/μL for the detection of *P. falciparum*. A minimum of 10--40 p/μL was required for the detection of *P. vivax* ([Table 2](#t0010){ref-type="table"}). The LAMP-Thermocycler detected up to 40 p/μL for the two species (data not shown). The time required for amplification varied between 15--60 min. Additional time to amplification was needed for samples possessing lower parasite densities even though no clear correlation was observed between time to amplification and parasite densities.Table 2Detection limits of the LAMP-Tube scanner method tested using various dilutions of *P. falciparum* and *P. vivax*.Lowest conc. detected (p/μl)*P. falciparumP. vivax*Assay \# 11010Assay \# 24010Assay \# 34040Assay \# 410010Assay \# 54040Assay \# 610040

3.3. Clinical sensitivity and specificity {#s0070}
-----------------------------------------

Clinical samples with median parasitemia of 1000 p/μL (parasitemia per microliter), were used to test the utility of this platform for the diagnosis of field samples. A schematic workflow of sample preparation, amplification and detection, is shown in graphical abstract. The sensitivity and specificity of the LAMP-Tube scanner method compared to microscopy, LAMP-Thermocycler and RTDs were shown in [Table 3](#t0015){ref-type="table"} . Among the 60 microscopically positive samples (*P. falciparum*) tested, 58 samples were shown to be positive by the LAMP-Thermocycler and 57 positive by LAMP-Tube scanner. Twenty eight out of the 30 microscopically negative samples were confirmed to be negative by these two methods. Overall, both LAMP-Tube scanner and LAMP-Thermocycler yielded results very similar to those of microscopy ([Table 3](#t0015){ref-type="table"}). The LAMP-Tube scanner showed 98.3% sensitivity and 100% specificity when compared to LAMP-Thermocycler. RDTs produced more false-positive results than the two LAMP methods.Table 3Sensitivity and specificity of the LAMP-Tube scanner, LAMP-Thermocycler and RDTs compared to microscopy.Microscopy (*n*)RDTsLAMP-ThermocyclerLAMP-Tube scannerPositiveNegativePositiveNegativePositiveNegativePositive (60)528582573Negative (30)525228228  Sensitivity (%)86.796.795.0Specificity (%)83.393.393.3

3.4. Commercial vs. in-house buffer for the LAMP-Tube scanner {#s0075}
-------------------------------------------------------------

We compared a LAMP reaction buffer obtained from the commercial kit (Eiken Chemicals, Japan) to one prepared in-house for their performance in the LAMP-Tube scanner method. As depicted in [Fig. 6](#f0030){ref-type="fig"} , both buffers were able to begin the amplification in 35 min. However, the intensity of the amplification was slightly lower when an in-house buffer was used. Overall, the qualitative results were not affected by the two buffers, as both were displayed positive for *P. falciparum* within 37 min (data not shown). Compared to commercially available buffer, the cost of running the LAMP-Tube scanner was manifold (about 20 times) lower when an in-house buffer was used.Fig. 6Comparison of in-house and commercial buffers for the *P. falciparum* LAMP-Tube scanner. More or less similar amplification curves were observed for both buffers in 35 min. No amplification was seen with no template control (NTC).

3.5. Quantification using the LAMP-Tube scanner {#s0080}
-----------------------------------------------

The purified lambda phage DNA obtained from Sigma--Aldrich (Germany), was quantified using the LAMP-Tube scanner assay. A starting DNA concentration of 100,000 pg/μL was prepared from which five 10-fold serial dilutions were prepared to a final DNA concentration of 1 pg/μL. As shown in [Fig. 7](#f0035){ref-type="fig"} , a reasonable correlation was observed between each dilution and intersection of real-time curves except the least concentration (1 pg/μl). The intersection of real-time curves at the threshold level was chosen for the regression analysis (R-square analysis). A very good statistical correlation of 99.79% was obtained using linear regression, excluding the final DNA concentration ([Fig. 7](#f0035){ref-type="fig"}B).Fig. 7Quantification of Lambda phage DNA by the LAMP-Tube scanner. (A) Amplification curves of all the concentrations used (1--100,000 pg). (B) The statistical significance of the peak rising points just above the threshold level (excluding 1 pg concentration).

4. Discussion {#s0085}
=============

The newly described LAMP technique has the feasibility of combining the accuracy of a molecular technique with the low cost and low technical requirements of the antigen-based tests. The costs for the assay are even lower than the presently available RDTs ([@b0095]). LAMP has several advantages over current methods for the molecular diagnosis of disease. The *Bst* polymerase catalyzing the LAMP reaction is more robust to inhibition than Taq polymerase. It is, therefore, possible to use a modest, rapid and inexpensive regime for sample preparation, unlike those required for standard PCR. Furthermore, the isothermal nature of the LAMP reaction eliminates the need for expensive thermal cyclers. However, the equipment and power requirements for the DNA extraction and LAMP reaction still be a major consideration for many diagnostic facilities. This is an obvious drawback for resource-poor locations, where malaria is endemic. Some studies have clearly demonstrated that LAMP can be used for malaria diagnosis ([@b0095], [@b0025], [@b0085], [@b0130], [@b0135]). In this study, we have developed a simpler method (LAMP-Tube scanner) for the diagnosis of clinical malaria, including species identification, based on the LAMP. We integrated the amplification and detection phases of LAMP into one portable and simple-to-use platform in an attempt to permit this method to be easily usable in field settings.

Results from the LAMP-Tube scanner ([Table 3](#t0015){ref-type="table"}) were comparable to the previously reported malaria LAMP assays ([@b0095], [@b0025], [@b0085], [@b0130], [@b0135]) exhibiting acceptable sensitivity and specificity profiles when compared to microscopy, RDTs and nested PCR. The reported sensitivity and specificities by these studies ranged from 73.1% to 98.3% and 85.7% to 100%, respectively, using microscopy as a reference standard. The use of various reference tests, and differences in the parasite densities of the samples used in the various studies, undoubtedly influence the sensitivities and specificities which could explain the differences observed across these studies. Out of the 155 (*P. falciparum*) & 54 (*P. vivax*) microscopically positive samples used in this study, 6 and 4 were negative by LAMP-Thermocycler and 7 and 3 by LAMP-Tube scanner. Failing to amplify these samples by the two LAMP methods was not due to low parasite density since the level of parasitemia was within the level detectable by LAMP, but most probably due to a poor quality of the DNA preparation. However, more (28) RDTs false-negative results might be due to the insufficient parasite density and/or material used to manufacture RDT strips. Additional prospective studies in different transmission settings will be needed to further evaluate the performance of the LAMP-Tube scanner method.

One of the limitations of the current study is that the LAMP-Tube scanner method was evaluated using only *P. falciparum* and *P. vivax* clinical samples. Though the LAMP method can be used for the diagnosis of all four human-infecting malaria parasites ([@b0025]), attempts were made only for these two parasites due to clinical sample availability. However, this genus- and species-specific LAMP-Tube scanner method could be used for the detection of all human malaria parasites. It can also be used as a confirmatory test for malaria infection in place of a standard PCR-based assay. The observation that the lowest level of parasitemia required to detect *P. falciparum* was higher than that needed for the *P. vivax* tested may be due to variations in the DNA content at different stages of the parasite. These limits of detection of species-specific LAMP-Tube scanner method are similar to those reported for microscopy, RDTs and LAMP-Thermocycler.

LAMP assay has previously been used to quantify plasmid DNA harboring the 18S rRNA genes of all four human malaria parasites ([@b0025]), but we failed to quantify *P. falciparum* DNA using the LAMP-Tube scanner. We observed that the time to amplification was shorter for samples with high parasite densities than with low parasite densities. A strict correlation was not observed when samples were compared between runs indicating that one cannot draw conclusions about parasitemia levels based on the amplification time. However, we quantified Lambda phage DNA using the LAMP-tube scanner, although it is not a perfect assay for quantification. We applied the average threshold time for the linear regression analysis. A very good statistically significant linear correlation was seen between all DNA concentrations except the least concentration. Possible explanations are that the longer incubation time before the detectable amplification caused by the lower template DNA concentration reduces the enzyme activity and decreases the annealing efficiency of the primers, may cause a delay in the threshold time. Further improvement is needed to determine that this method can be used for the quantification of malaria parasite.

In this study, we were able to successfully use a simple DNA extraction procedure ([Fig. 5](#f0025){ref-type="fig"}) for the malaria LAMP-Tube scanner without the help of any instruments other than the Tube scanner. Tube scanner, which is used as a heating block for DNA preparation and amplification, was also served as a fluorescence detector for the real-time amplification. This novel method yielded DNA extract that reliably detects as low as 10 p/μL and showed slightly lower efficiency compared to the Qiagen method. It is not clear whether this difference was due to poor efficiency in DNA extraction at low parasitemia level or due to other factors. The simple heat-treated method yielded DNA extract that could be used to detect as low as 40 p/μL, has already been described ([@b0095], [@b0050]). However, the need for a water bath and centrifuge means that this method is not as convenient as LAMP-Tune scanner in the field and resource limited settings.

As shown in [Table 3](#t0015){ref-type="table"}, both LAMP-Tube scanner and LAMP-Thermocycler yielded results very similar to those of microscopy. The cost of running the LAMP-Tube scanner method was cheaper than that of the LAMP-Thermocycler when an in-house buffer was used in place of the commercially available buffer. The performance of our in-house buffer was as good as commercial buffer, and it yielded consistently similar results. There are various significant features of the LAMP-Tube scanner that allow it to be an attractive method for field use. This includes, the fact that the tube scanner is easily carriable to remote places while thermocyclers need an established laboratory setting, battery can be used to run the tube scanner, no post-run analyses such as gel electrophoresis is required to visualize the results and finally, the LAMP-Tube scanner method is practically easier to perform than the LAMP-Thermocycler and nested PCR. The tube scanner is equivalent to the real-time turbidimeter used in some studies ([@b0095]) in the sense that both are able to detect a positive sample in real-time resulting in same amplification plots. The turbidimeter measures the turbidity of the reaction mixture while the LAMP-Tube scanner measures the fluorescence units generated as the product is formed. However, the tube scanner has an added feature in which the results (+/−) can be reported on the provided LCD without the need of a computer.

The use of any diagnostic test for point-of-care and field use will lie among other things, on the fact that it is less expensive and simpler to perform without compromising its sensitivity and specificity. Development of LAMP reaction components in a lyophilized format would minimize the preparation time, limit the training required by the operator and removes the necessity to store the reaction components in a frozen form. The LAMP-Tube scanner method will be more attractive for field use if a lyophilized reagent format is achieved. Lyophilized buffer format which is under development, together with this simple DNA extraction and portable battery-powered instrument, offers a tangible route for the detection of malaria in limited resource settings. In conclusion, the LAMP-Tube scanner developed in this study can be used as a point-of-care tool for clinical diagnosis and active surveillance of malaria parasites in countries where malaria is endemic.
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[^1]: DNA extraction was performed using the QIAGEN kit.

[^2]: DNA extraction was performed using a simple method explained in this study ([Fig. 5](#f0025){ref-type="fig"}).

[^3]: 2 -- *Pf* positive and 1 -- *Pv* positive.
